InsP 3 has two important functions in generating Ca 2+ oscillations. It releases Ca 2+ from the internal store and it can contribute to Ca 2+ entry. A hypothesis has been developed to describe a mechanism for Ca 2+ oscillations with particular emphasis on the way agonist concentration regulates oscillator frequency. The main idea is that the InsP 3 receptors are sensitized to release Ca 2+ periodically by cyclical fl uctuations of Ca 2+ within the lumen of the endoplasmic reticulum. Each time a pulse of Ca 2+ is released, the luminal level of Ca 2+ declines and has to be replenished before the InsP 3 receptors are resensitized to deliver the next pulse of Ca
Introduction

Ca
2+ is a highly versatile second messenger capable of regulating many different cellular processes [1] . More often than not, this Ca 2+ signal is presented as a brief transient. In some cases, as in muscle and neurons, each Ca 2+ transient is produced 'on demand' in that it has to be activated by a brief membrane depolarization. In many other cells, however, that respond to stimuli that persist for much longer periods, Ca 2+ is still presented as brief transients that occur repetitively in the form of a Ca 2+ oscillation. The mechanism responsible for setting up these oscillations remains a subject of debate. In this chapter I shall explore how the Ca 2+ -mobilizing second messenger InsP 3 may function to generate these oscillations.
Oscillatory cell types
There are many examples of Ca 2+ oscillations, which occur throughout the life history of a typical cell. Oscillations occur early during development in that they appear in immature oocytes [2] and play a critical role in oocyte activation at the time of fertilization [3] . Once cells have differentiated, oscillations continue to play a role in regulating many different cell types such as liver cells [4] , smooth muscle cells [5] , astrocytes [6] , airway epithelial cells [7] , duck salt gland [8] and insulin-secreting β-cells [9, 10] . For many of these oscillations, it is clear that InsP 3 plays a central role, but exactly how it functions to set up the repetitive transients remains to be determined. Before considering possible mechanisms, it is necessary to establish the main properties of this oscillatory activity.
Properties of cellular oscillators
Oscillations of Ca 2+ usually occur at low agonist concentrations, which normally correspond to the narrow range responsible for activating physiological responses. In the case of the insect salivary gland, for example, the range of 5-HT (5-hydroxytryptamine) concentrations that induced oscillations corresponded exactly to those that stimulated fl uid secretion [11, 12] . At threshold doses of 5-HT, oscillation frequency was very slow, but this increased markedly over the course of the dose-response curve for the activation of fl uid secretion. This observation provided the fi rst indication that cells might employ FM (frequency modulation) as a mechanism to encode information. Such an FM mode of signalling has been described in many other cell types such as airway epithelial cells [7] , liver cells [4] , smooth muscle cells [9] and insulin-secreting β-cells [10] . There is increasing evidence that cells use FM to encode information about the level of the external stimulus. Oscillation models must thus account for this analogue-to-digital conversion, which is the basis for this FM mode of signal transmission.
One of the properties of Ca 2+ oscillations that is diffi cult to explain is that frequency can sometimes be very low. For example, in the case of mammalian oocytes undergoing fertilization, the Ca 2+ transients can have periodicities of the order of 4 min. Similarly, the repetitive intercellular Ca 2+ waves that sweep through the developing zebrafi sh embryo at fertilization have a periodicity as long as 10 min [13] . In these cases, the entry of external Ca 2+ is a key feature of many oscillators and may play a critical role as part of the mechanism for analogue-to-digital conversion. These different properties of Ca 2+ oscillations have to be taken into account when considering possible oscillatory mechanisms.
Ca
2+ oscillation models
A number of models have been proposed to account for these cytosolic Ca 2+
oscillations [14] . They fall into two main groups; some are based on feedback loops between Ca 2+ and the enzymes that either form or inactivate InsP 3 , such as PLC (phospholipase C) or InsP 3 kinase respectively, that set up oscillations in InsP 3 that then drive the Ca 2+ oscillations [15] [16] [17] . Some evidence for such oscillations has been reported using a GFP (green fl uorescent protein)-tagged PH (pleckstrin homology) domain that translocates from the membrane to the cytoplasm when InsP 3 is formed [18] . In a separate series of experiments using the same technique, InsP 3 oscillations were recorded in CHO (Chinese hamster ovary) cells following stimulation of the mGluR5a receptors but not the M3-muscarinic receptors [19, 20] . It is possible therefore, that there may be different mechanisms for generating Ca 2+ oscillations, which may or may not depend upon InsP 3 oscillations. With regard to these published measurement, it should be stressed that the GFP-tagged PH domain is not measuring InsP 3 directly, but is monitoring the breakdown of the precursor lipid PtdIns(4,5)P 2 . Also, the time resolution of the traces is not suffi ciently precise to determine whether the proposed InsP 3 responses precede or follow the Ca 2+ transients. Whether or not oscillations in InsP 3 drive Ca 2+ oscillations is thus still an open question.
In order to determine whether the level of InsP 3 oscillates during the course of a typical Ca 2+ oscillation, I carried out an experiment on the insect salivary gland where it is possible to monitor both Ca 2+ oscillations and the formation of InsP 3 indirectly by measuring the accumulation of InsP 1 using the lithium amplifi cation technique [21] . First, I determined the 5-HT concentration that produced low frequency oscillations that could then be accelerated to the same extent either by the addition of higher doses of 5-HT or by increasing the external level of Ca 2+ . I then measured the accumulation of InsP 1 under these two conditions. If InsP 3 formation is driving each transient, the expectation would be for the turnover of inositol phosphates to increase for both conditions. However, what was found was that the level of InsP 1 was increased only when the oscillator was accelerated by an increase in the agonist but not when it was accelerated by an elevation of external Ca 2+ (M. J. Berridge, unpublished work). This experimental observation suggests that periodic increases in InsP 3 are not responsible for driving Ca 2+ oscillations, at least in the case of some cell types. It is possible that cells have different mechanisms for generating oscillations, with some using InsP 3 oscillations and others not. This possibility is supported by a method based on studying the effect of applying pulses of InsP 3 at specifi c points during the oscillatory cycle, which concluded that the oscillatory mechanism in cells may vary with regard to whether or not the level of InsP 3 oscillates [22] . In addition to the mathematical models described above, which convincingly demonstrate that it is oscillations in InsP 3 that drive Ca 2+ oscillations, there are equally convincing models showing that oscillations in Ca 2+ can occur at constant levels of InsP 3 . Some of these oscillation models propose that Ca 2+ oscillations are driven by feedback mechanisms that operate on the InsP 3 receptor and can occur at a constant level of InsP 3 . Many of the mechanisms depend upon a reversible desensitization of the InsP 3 receptor [23] [24] [25] [26] [27] . The idea is that there is an alternation between two processes: a Ca 2+ -induced activation of the InsP 3 receptor followed by inactivation of the Ca 2+ -sensitive state of the InsP 3 receptor. What is not clear for many of these desensitization models is whether they can account for agonist-dependent frequency modulation.
All of the models described above are based on feedback loops operating within the cytoplasm. There has been little attention paid to the possible role played by luminal Ca 2+ in setting up oscillatory activity. A luminal loading Ca 2+ oscillation model belongs to the group of models that predict that Ca
2+
oscillations can occur at constant InsP 3 levels. This luminal loading model can also provide an explanation for the oscillations that have very long periods (i.e. 4-10 min) and it can also account for frequency modulation [28, 29] .
Luminal loading Ca 2+ oscillation model
The main feature of the luminal loading Ca 2+ oscillation model is that the timing of each Ca 2+ spike is determined by the periodic loading of the endoplasmic reticulum with Ca 2+ (Figure 1 ). The best way of describing how this oscillator might function is to follow what happens when cells are stimulated with the low agonist concentrations that set up Ca 2+ oscillations. The agonist usually has two effects. It acts to stimulate the formation of InsP 3 , but this is not suffi cient at low agonist concentrations to stimulate release directly. In addition, the agonist also promotes an inward Ca 2+ current (I Ca ) by activating one of the entry mechanisms that may or may not depend on InsP 3 . The result of this increased entry is that the endoplasmic reticulum begins to load up with Ca 2+ . Since the InsP 3 receptors are sensitive to the concentration of Ca 2+ in the lumen, the gradual build up of luminal Ca 2+ will sensitize the receptors to the low ambient levels of InsP 3 and Ca 2+ and these are then able to activate release. Once release terminates, the cytosolic Ca 2+ is dealt with by three mechanisms (Figure 1 ). Some is extruded from the cell by the PMCA (plasma-membrane Ca 2+ -ATPase) pump, some of it is returned to the endoplasmic reticulum by the SERCA (sarcoplasmic/endoplasmic-reticulum Ca 2+ -ATPase) pump and some of it is taken up by the mitochondria. This mitochondrial Ca 2+ is then gradually returned to the cytoplasm during the interspike interval and much of it may be transferred back to the endoplasmic reticulum to help reload the store. This reloading process repeats itself to give rise to the next spike. Oscillation frequency is determined by the rate of store reloading, which may be the primary event responsible for the process of analogue-to-digital conversion.
The four main events of the oscillatory cycle are illustrated in Figure 2 . The agonist-dependent entry of external Ca 2+ is responsible for store loading. The build up of luminal Ca 2+ begins to sensitize the InsP 3 receptors and leads to spike initiation, often accompanied by the appearance of puffs during the fi nal stages of the pacemaker phase [30] . The development of the spike depends upon the regenerative process of CICR (Ca 2+ -induced Ca 2+ release) and often results in the appearance of an intracellular Ca 2+ wave. Indeed, the rise time of the Ca 2+ spike can provide an estimate of the rate of wave propagation. Once release is complete, spike recovery begins and Ca 2+ is removed by the three mechanisms . The corresponding fall in the luminal level of Ca 2+ may contribute to the termination of the release phase. During the recovery phase, Ca 2+ is dealt with by three processes: some is extruded from the cell by the PMCA, some is returned to the ER (endoplasmic reticulum) by the SERCA pump and some is taken up by the mitochondria before being returned to the ER. The period (P) to the next spike depends upon the time it takes to reload the store. See Figure 2 for further details of the four main events during a typical oscillatory cycle. The period (P) between spikes will depend on how quickly the store can reload, which in turn, depends upon the rate at which Ca 2+ enters the cell across the plasma membrane. This model predicts that the concentration of Ca 2+ within the lumen of the endoplasmic reticulum must decline rapidly during the course of the spike and then build up gradually towards the onset of the next spike, which is exactly what is found experimentally when the level of luminal Ca 2+ is measured in gonadotrophs [31] and in pancreatic acinar cells [32] . An important feature of the model is the sudden fall in the luminal level of Ca 2+ during the course of the spike, which is followed by a gradual phase of reloading during the period leading up to the next spike as shown diagrammatically in Figure 1 .
Conclusions
The luminal loading Ca 2+ oscillation model was developed to explain how variations in agonist concentration are transformed in to digital Ca 2+ spikes with , it sensitizes the InsP 3 receptors such that they begin to generate puffs as part of a spike initiation process. The puffs then trigger the development of a spike during which a wave of Ca 2+ spreads through the cell through a process of CICR (Ca 2+ -induced Ca 2+ release). During the spike recovery phase, some of the Ca 2+ is pumped out of the cell and the process of store loading begins again as a prelude to the next spike. entry (the analogue response) will determine oscillator frequency by adjusting the rate of store loading and hence the sensitivity of the InsP 3 receptor (the digital response). This model can also explain why the oscillator is so sensitive to variations in the concentration of external Ca 2+ because this has a direct effect on the rate of store loading.
